Objective: High-frequency (HF) changes were analysed in relation to anatomical origin of spikes, shape and occurrence within the seizure onset zone (SOZ). We evaluated whether HF changes are linked to the SOZ, as established for distinct high-frequency oscillations. Methods: SEEG was filtered at 500 Hz and sampled at 2000 Hz. Spikes were selected by shape (spike/ spike-slow wave) and location (SOZ/non-SOZ and neocortex/amygdala/hippocampus) in 15 patients. About 50 spikes were averaged for each set. Changes compared to baseline were quantified with false discovery rate controlled t-statistics using time-frequency spectra. Counts of increased or decreased timefrequency values were compared across spike categories in the 80-250 and 250-500 Hz bands. Results: Seventy-seven spike types were analysed. Differences between spike categories were most prominent between 250 and 500 Hz. HF changes were more frequent and larger in mesial temporal than in neocortical spikes and for spikes with slow waves than spikes alone. HF changes above 250 Hz were more frequent in spikes within than outside the SOZ. Conclusions: HF increases above 250 Hz show regional differences and are very prominent in the SOZ. Hippocampal spikes have the strongest HF components. Significance: Analysis of HF changes during spikes may provide information on differing pathophysiological mechanisms of spikes and on epileptogenicity of the tissue.
Introduction
Interictal epileptic spikes have always been an important diagnostic feature in patients with epilepsy (Bautista et al., 1999; Hufnagel et al., 2000) . In presurgical diagnostics for patients with epilepsy, the brain areas which generate epileptic spikes are called the irritative zone (Rosenow and Luders, 2001) . It is however unclear to what extent the spikes are indicators of the epileptic potential of the underlying cortex. Many patients are free of seizures after surgical removal of the seizure onset zone (SOZ), even if a large part of the irritative zone remains untouched (Hufnagel et al., 2000) . This has often been described in patients with bitemporal independent interictal spikes, in whom the removal of one mesial-temporal lobe resulted in seizure freedom (Schwartz et al., 1997) . Some authors even go as far as stating that spikes may represent the inhibitory potential of the epileptic cortex and thus represent a protective mechanism against epileptic seizures (Barbarosie and Avoli, 1997; Curtis et al., 2005) . This hypothesis is strengthened by the observation that spikes, contrary to intuitive expectations, decrease after withdrawal of antiepileptic medication and prior to the increase of spontaneous seizures (Spencer et al., 2008) . Thus the reduction of spikes seems to be correlated with a higher epileptogenic potential of the underlying tissue.
High-frequency oscillations are another marker of epileptogenicity. They can be recorded with intracranial electrodes and gained increasing interest in recent publications (Engel et al., 2009; Otsubo et al., 2008; Urrestarazu et al., 2007) . Ripples and fast ripples (250-500 Hz) occur with the highest rates in the SOZ and they seem to be closely related to epileptogenic tissue (Bragin et al., 2002a; Jacobs et al., 2008 Jacobs et al., , 2009a Staba et al., 2007) . The surgical removal of HFO generating tissue correlates with the postsurgical outcome of patients with refractory epilepsy (Jacobs et al., 2009a) .
Interictal HFOs and epileptic spikes seem to be closely related to each other (Urrestarazu et al., 2007) . They often co-occur at the same time in the EEG and HFOs may be riding on epileptic spikes and then can even be seen in the unfiltered intracranial EEG (Crepon
